The mechanism of DNA damage caused by the isomerization of purine base is studied with DFT method at the B3LYP/6-311G** level. Among the three isomers of adenine and eight isomers of guanine, the normal configurations in DNA Watson-Crick base pairs are the most stable isomers. The transition states of all the isomerizations are obtained, and the IRC analyses are performed to identify these transition states further. The isomerizations of purine bases can be classified into two types, the hydrogen transfer between atoms and the hydrogen swing of imino. The former's transition states include a four-ring, which is coplanar with the purine base backbone. The latter's transition states involve a three-atom 'V' structure of C=N-H, and the plane of C=N-H is perpendicular to that of the purine base backbone. The isomerizations, which result in the normal configuration changes of purine base and bring directly the DNA damage, belong to the hydrogen transfer process, and they are endothermic and thermodynamic non-spontaneous process. The probability of DNA damage caused by the guanine isomerization is larger than that by adenine.
Introduction
DNA damage takes place at any moment in the living organism. Most of the damages can be repaired by the repair system of the organism itself. The unrepaired damage can lead to gene mutation, induce cancer and other diseases related to gene, influence the growth of cell and even make directly cell die (Olinski, 2002, p192; Slupphaug, 2003, p231; Crow, 1997, p8380) . On the other hand, DNA damage is a necessary condition of organism evolution, and the DNA damage induced artificially may be used to cure diseases, improve and create species (Uromo, 1999 Staub, 2000, p333) . Among various factors bringing DNA damage within and without organism, the isomerization of base is an important one (Rogozin, 2003, p65; Burney, 1999, p37) . Recently, many biological and chemical methods have been used to detect DNA damage (Vigreux, 1998, p79; Nishisho, 1991, p665) , and some damage sites of DNA have been determined. But the DNA damage mechanism, especially the mechanism at the molecular level, is still unclear (Durbeej, 2002, p95; Matsuda, 2001, p335) . There are two kinds of bases, pyrimidine base and purine base, in the normal structure of DNA. In this paper, the DNA damage mechanism caused by the purine base isomerization is investigated with DFT (Density Functional Theory) method at the B3LYP/6-311G** level. The thermodynamic and kinetic properties of the isomerizations of purine base are discussed, too.
Models and Methods

Models of isomerizations
The isomerization of base takes place mainly in the single-stranded DNA. In the processes of the semiconservative replication and the abnormal unwinding, DNA is single-stranded. The DNA in telomere end and some virus is also the single-stranded. Besides, the single-stranded DNA is widely used in gene engineering. The base isomerization is affected by many factors, including the solvation, the action of various ions and so on. However, the research of the self-isomerization of the bases is the foundation for the further investigation. So our research focuses on the self-isomerization of single-stranded DNA base.
The purine base, adenine (ADE) and guanine (GUA), link to ribose backbone though the glycosidic bond. Because the ribose backbone have little influence on the base isomerization (Cysewski, 1998, p219) , the free base model is chosen by breaking the glycosidic bond and saturating it with H atoms (marked as H*). The isomers and isomerization processes of purine base are shown in Fig. 1. 
Computational method
The geometry optimizations of the isomers and the transition states are performed with DFT method at the B3LYP/6-311G** level. To identify the transition states of the isomerizations, the IRC (Intrinsic Reaction Coordinate) calculations (Gonzalez, 1990, p5523) are carried out for all the isomerizations. All calculations are completed with the Guassian 98 program. The zero point energy correction is considered in our calculations.
The activation energy (E), pre-exponential factor (A) and rate constant (k) of the isomerizations are obtained according to the classical transition state theory. The enthalpy change (H), entropy change (S), Gibbs free energy change (G) and equilibrium constant (K P ) are calculated by the statistic thermodynamics method based on the results of DFT calculation (Sun, 1998, p361; Ma, 1996, p777) If we write the maximum isomerization ratio (i.e. maximum convert ratio) of reactant to product as r R→P , we have
for unimolecular isomerization reaction. Here P n , R n and K P are product molecular number, reactant molecular number and equilibrium constant respectively. This means that r R→P can be calculated according to the equilibrium constant of the isomerization. The normal body temperature of human is about 310K (37 ), and ℃ the live environmental temperature range is about 220 ~ 320 K (-50 ~ +50 ). Other organisms have the similar ℃ body temperature and the live environmental temperature range to human. So the calculation temperature range of thermodynamic and kinetic properties is chosen as 220 K ~ 320 K.
Results and Discussion
Mechanism and kinetic properties
Isomerization mechanism
Adenine has three kinds of isomers, which are marked as ADE1, ADE2 and ADE3 respectively. Their isomers and isomerization reactions have been shown in Fig.1 . In the process of ADE1 → ADE2, H12 transfers from N10 to N1. It belongs to the hydrogen transfer between atoms. The process of ADE2 → ADE3 is the hydrogen swing of imino. Guanine has eight kinds of isomers, which are marked as GUA1, GUA2 GUA3, GUA4, GUA5, GUA6, GUA7 and GUA8 respectively. Their isomers and isomerization reactions have been shown in Fig.1 , too. In the processes of GUA1 → GUA2, GUA3 → GUA5 and GUA3 → GUA7, the hydrogen atom transfers between two N atoms. While GUA1 → GUA3, the hydrogen atom transfers from N atom to O atom. The processes of GUA2 → GUA4, GUA5 → GUA6, GUA7 → GUA8 belong to the hydrogen swing of imino.
The transition states of all the above-mentioned isomerizations have been obtained. The imaginary frequencies, geometries and charge populations of the chief part of the transition states are shown in Fig.2 respectively. All of the transition states of the hydrogen transfer include a four-ring, which is coplanar with the backbone of the purine base. In all the transition states of the hydrogen swing, C=N-H has a structure of 'V' type, and its plane is perpendicular to the backbone plane of the purine base. To compare the structure and the charge population of transition state with that of the reactant, the geometries of all isomers of adenine and guanine are shown in Fig. 3 , and the charge populations and geometries parameters of their chief parts are listed in Tables 1 ~ 2. The transition state of ADE1 → ADE2 is marked as TS-A12 (the other transition states are marked in the similar way as that of ADE1 → ADE2). By comparing TS-A12 with ADE1, the angle C6-N10-H12 decreases from 119.2° to 76.0°, the N10-H12 bond length increases from 0.101 to 0.140 nm, and the electron population between N10 and H12 decreases from 0.319 to 0.135. This shows that the N10-H12 bond is weakened greatly. According to the distance (0.132 nm) and the electron population (0.116) between N1 and H12, we can see that theN1-H12 bond is forming. The decrease of distance and the increase of electron population between C6 and N10 also indicate that the double bond of C6-N10 is forming. Similarly, it can be seen that the C6-N1 double bond is changing to the single bond. In addition, the differences of the charge distribution between ADE1 and TS-A12 can be observed.
The process of ADE2 → ADE3 belongs to hydrogen swing of imino. The main differences between ADE2 and TS-A23 are in two aspects, the angle C6-N10-H11 and the plane of C6-N10-H12. The former changes from 109.1° to 143.5°, and the latter changes from being coplanar with the adenine backbone to being perpendicular to it. The electron population between C6 and N10 changes from 0.643 (in ADE2) to 0.521 (in TS-A23), so the C6-N10 bond becomes weak obviously. The strength of N10-H11 bond increases slightly. The charge of C6 is 0.476 in reactant ADE2, and it increases to 0.602 in TS-A23. At the same time, the charge of N10 decreases from -0.667 to -0.802. So the charge transfer from C6 to N10 has taken place.
The guanine has seven isomerization reactions. The processes of GUA1 → GUA2, GUA1 → GUA3, GUA3 → GUA5 and GUA3 → GUA7 are the hydrogen transfer, in which the hydrogen atom transfers from N to N or to O, and the processes of GUA2 → GUA4, GUA51 → GUA6 and GUA7 → GUA8 are the hydrogen swing of imino. As for the hydrogen transfer of guanine, the reaction behaviors, such as the change of bond and charge population, are similar to that of the ADE1 → ADE2. Analogously, the hydrogen swing of guanine is similar to that of adenine.
Kinetic properties
The activation energies of the isomerizations of adenine and guanine are shown in Fig.4 . We can find that the activation energies of the hydrogen transfer between N atoms (E-A12, E-G12, E-G13, E-G35 and E-G37) are higher than that of the hydrogen transfer from N atom to O atom (E-G13). The activation energies of all the hydrogen transfers are higher than that of the hydrogen swing of imino (E-A23, E-G24, E-G56, and E-G78). It is well known that the activation energy, which is also called reaction potential barrier, is a descriptor of the reaction. The low activation energy implicates that the reaction is easy to carry out. So the hydrogen swing should take place more easily than the hydrogen transfer. The imaginary frequencies of all transition states are also shown in Fig. 2 . We can find that the imaginary frequencies of hydrogen transfer transition states are all about 2000, however, that of hydrogen swing transition states are all about 1000. The former is almost the double of the latter, so the quantum tunnel effect of hydrogen transfer is larger than that of hydrogen swing (Ma, 1996, p777) .
The lowest energy reaction paths of the isomerizations of adenine and guanine traced by IRC calculations are shown in Fig. 5 . Starting from the transition state, the reactant and the product can be reached separately along the lowest reaction path for every isomerization process. This shows that the identifications of the above transition states are correct. All of the isomerizations of purine base are unimolecule elementary reaction, so their rate equations must have the characters of the first order reaction. The rate constants (k) and the pre-exponent factors (A) of all isomerizations of adenine and guanine are list in Tables 3~11 respectively. The pre-exponent factors (A) of the isomerizations of adenine and guanine are about 10 13 , which are consistent with the theoretical and experimental result of unimolecular reaction (Steinfeld, 1999, p16) .
Tables 3~11 show that the rate constants of hydrogen transfer are smaller than that of hydrogen swing, and the rate constants of hydrogen transfer from N atom to N atom are smaller than that from N atom to O atom. ADE1 and GUA1 are the normal configurations of adenine and guanine in DNA Watson-Crick base pairs. The isomerizations ADE1 → ADE2, GUA1 → GUA2 and GUA1 → GUA3, which would result in the normal configuration change of purine base and bring directly DNA damage, have the small rate constants. That is to say, DNA damage caused by the isomerizations of purine base is very slow.
Human body has about 10 14 cell, and each cell contains about 4×10 9 base. If we presume that the numbers of the four kind of bases are equal to each other in body, the numbers of adenine and guanine are all about 10 23 or 1mol. The concentration of adenine or guanine is about 10 21 /L or 0.02 mol/L after taking the volume of human body as 50L. According to the rate equation of the first order reaction v = kC, we can figure out that the damage rate caused by the adenine isomerization in human body is about 10 -11 s -1 (220 K) ~ 10 2 s -1 (320 K). In the parallel reactions of GUA1 → GUA2 and GUA1 → GUA3, the GUA1 → GUA3 with larger rate constant would determine the total isomerization rate of guanine. So the DNA damage rate caused by the guanine isomerization is determined by the rate of GUA1 → GUA3. Similarly, we can figure out that the damage rate via the guanine isomerization in human body is about 1 s -1 (220 K) ~ 10 11 s -1 (320 K). Obviously, the probability of DNA damage caused by guanine isomerization should be much bigger than that caused by adenine.
Thermodynamic properties
The energies of all isomers shown in Fig. 6 and Fig. 7 indicate that the normal configurations, ADE1 and GUA1, are the most stable among all of the isomers of adenine and guanine respectively. The thermodynamic properties of the adenine isomerizations listed in Table 3 and Table 4 show that the entropy changes for two isomerizations of adenine are negative (i.e. S < 0). The isomerization ADE1 → ADE2 is an endothermic reaction (H > 0), and its Gibbs free energy change is positive (G > 0), so the isomerization ADE1 → ADE2 is a thermodynamic non-spontaneous process. We can calculate out that r ADE1→ADE2 = 10 -12 according to the equilibrium constant at the 310K. Namely, the isomerization ratio of adenine is very small. The process of ADE2 → ADE3 has negative H, S and G, so it is exothermic and thermodynamic spontaneous process. The isomerization ratio r ADE2→ADE3 ≈ 1 in the range of 220 K ~ 320 K, that is to say, the most of ADE2 can be transformed into ADE3.
The thermodynamic data of the isomerizations of guanine are listed in Tables 5~11. The processes of GUA1 → GUA3 and GUA5 → GUA6 have entropy change S < 0, and the others have S > 0. The isomerization GUA5 → GUA6 is an exothermic reaction (ΔH < 0), and the others are the endothermic reactions (H > 0). According to the value of G, GUA5 → GUA6 is a thermodynamic spontaneous process, but the others are the non-spontaneous processes. The isomerization ratios of GUA1 to GUA2 and GUA3 at 310K are r GUA1→GUA2 = 10 -9 and r GUA1→GUA3 = 10 -2 , which are calculated according to the equilibrium constants of the isomerizations. It is shown that GAU1 is transformed mainly to GUA3. Comparing r GUA1→GUA3 = 10 -2 with r ADE1→ADE2 = 10 -12
, we find that the isomerization ratio of GUA1 is much bigger than that of ADE1. This means that the probability of DNA damage caused by the isomerization of guanine should be bigger than that by adenine.
Conclusions
The normal configurations, ADE1 and GUA1, are the most stable isomer among the three isomers of adenine and eight isomers of guanine, respectively. All of the isomerizations of purine base are unimolecule elementary reaction, and they can be divided into two types, the hydrogen transfer between atoms and the hydrogen swing of imino. All the transition states of hydrogen transfer have a four-ring which is coplanar with the purine base backbone. In the transition states of hydrogen swing of imino, C=N-H is in 'V' type, and the plane of C=N-H is perpendicularity to that of the purine base backbone. In all of the transition states, the geometries and the charge distributions are changed comparing with those of the corresponding reactants. The isomerization rates and ratios of guanine are larger than those of adenine. In other words, the probability of DNA damage at guanine sites is larger than that at adenine sites. The isomerizations ADE1 → ADE2, GUA1 → GUA2 and GUA1 → GUA3, which result in the normal configuration changes of purine base and bring directly DNA damage, belong to the hydrogen transfer process, and they are endothermic and thermodynamic non-spontaneous process. Table 4 . Thermodynamic and kinetic properties of ADE2 → ADE3 Table 5 . Thermodynamic and kinetic properties of GUA1 → GUA2 Table 7 . Thermodynamic and kinetic properties of GUA2 → GUA4 Table 11 . Thermodynamic and kinetic properties of GUA7 → GUA8 
